We present the results of a study of the inviscid two-dimensional spatial stability of a parallel compressible mixing layer in a binary gas. The parameters of this study are the Mach n umber of the fast stream, the ratio of the velocity of the slow stream to that of the fast stream, the ratio of the temperatures, the composition of the gas in the slow stream and in the fast stream, and the frequency of the disturbance wave. The ratio of the molecular weight o f t h e slow stream to that of the fast stream is found to be an important quantity and is used as an independent v ariable in presenting the stability c haracteristics of the ow. It is shown that diering molecular weights have a signicant eect on the neutral-mode phase speeds, the phase speeds of the unstable modes, the maximum growth rates and the unstable frequency range of the disturbances. The molecular weight ratio is a reasonable predictor of the stability trends. We h a v e further demonstrated that the normalized growth rate as a function of the convective Mach n umber is relatively insensitive ( 25%) to changes in the composition of the mixing layer.
INTRODUCTION
Inspired by the seminal work of Brown and Roshko [1] and fueled in part by the prospects of high supersonic ight, there since been renewed interest on the stability c haracteristics of compressible mixing layers, both non-reacting and reacting. All of the analytical investigations of which w e are aware have concentrated on mixing layers of a single gas. Experimental investigations have shown that both density ratio and compressibility h a v e a signicant eect on the spreading rate of the mixing layer [1; 2; 3] . > F rom experiments it appears that the normalized spreading rate is relatively insensitive to the density ratio as compared to compressibility [3] . H o w ever, the density eects have never been analytically quantied. The main thrust of this paper, therefore, is to analyze the stability c haracteristics of mixing layers in binary gases and to make appropriate comparisons to the case of a single gas.
In investigating the stability of mixing layers, it is typical to assume that there exists a local parallel ow about which the governing equations are linearized with respect to spatially and temporally varying disturbances. From this linearization, it is straightforward to calculate either temporal growth rates (assuming xed spatial wavenumbers) or to calculate spatial growth rates (assuming a xed temporal frequency). If a spatial instability exists, there is usually a band or bands of frequencies for which there are positive spatial growth rates (imaginary part of the complex wavenumber is negative). These bands are bounded by the neutral modes, whose existence (and phase speeds) can be determined through the Lees and Lin regularity condition assuming that the phase speeds are subsonic, and that the local ow is smooth and parallel. Another neutral mode can be found in the limit of the wavenumber going to zero. It is clear that in the far downstream limit, the disturbance with the largest spatial growth rate will dominate and thus a disturbance with a single frequency and wavelength (real part of the complex wavenumber) will be seen. However, this scenario neglects non-linear eects which would become signicant long before the far downstream limit would be reached. Therefore, it is the entire spectrum of growing modes that is of interest, and the width of the unstable frequency band (and therefore the wavelength band) is signicant in determining the structure of the disturbance when nonlinear eects become important.
The results of previous analytical investigations lead to the conclusion that the temperature prole, which is signicantly aected by external heating or cooling, internal viscous heating or even exothermic chemical reactions, can alter the regularity condition suciently such that an additional pair of unstable modes exist (e.g., the review articles by Jackson [4] and Grosch [5] ). In the absence of reaction, viscous heating which is a function of Mach n umber, signicantly raises the temperature so that at a large enough Mach n umber, there are three neutral modes instead of one. Jackson and Grosch [6] showed that although these additional modes lie in a region in which the phase speeds would typically be supersonic, signicant obliqueness of the disturbances alters the sonic phase-speed curves such that all three neutral modes represent a p h ysically realizable subsonic mode. In the case of a reacting mixing layer, a simple Fuel + Oxidizer ! Product exothermic reaction with moderate heat release easily may i n troduce an extra pair of neutral modes, even at zero Mach n umber. A \ame sheet" analysis can be used to quickly locate these 1 modes, one of which has a phase speed equal to the ow v elocity at the ame-sheet location. An extensive study of the spatially evolving reacting mixing layer with nite reaction rate (Hu, et al. [7] ) showed that the ame-sheet results gave accurate values of the phase speeds of the neutral modes as long as the Lees and Lin regularity condition was applied downstream of the ignition point. Further analysis showed that the slow m o d e m a y undergo a transition from convective to absolute instability as the heat of reaction increases. Although this transition is deemed signicant, it was found that the backwards propagation of the disturbance, which i s the hallmark of an absolute instability, is seen to be (after a wave packet analysis) exceedingly small.
The purpose of this paper is to investigate the stability c haracteristics of a mixing layer in a binary gas. In section 2 the the mean ow is discussed. Also given are three models for the viscosity, thermal conductivity, mass species diusion coecient and specic heat. These thermodynamic quantities must be dened in some manner before a solution can be obtained. The rst two models stated are approximations to the exact third model, in that standard approximations to the viscosity are made in the rst two models but not in the third; namely, Chapman's linear viscosity l a w and Sutherland's viscosity l a w are employed in the rst two models, respectively, while for the third model the thermodynamic properties are given by reference values found in tables, or equivalently, from rst-order formulas derived from kinetic theory for a binary mixture. The rst two models are provided so that comparisons can be made to the exact, yet computationally intensive, third model. Section 3 contains the stability formulation of a binary gas, and results are presented for both neutral and unstable modes. Conclusions are given in section 4.
MEAN FLOW
As mentioned in the Introduction, all previous investigations on the stability of mixing layers, either reacting or non-reacting, have assumed equal molecular weights for the gases above and below the splitter plate. We present here results illustrating how a binary gas mixture aects the stability c haracteristics. However, since the stability o f a n y o w depends on the structure of the mean ow, we rst present below several models for the mean ow.
Consider a binary gas mixture in a compressible mixing layer with zero pressure gradient lying between streams with dierent speeds and temperatures. The gases included in this study are hydrogen (H 2 ), helium (He), neon (Ne ), nitrogen (N 2 ), oxygen (O 2 ) and argon (Ar). The choice of gases was not arbitrary. P apamoschou and Roshko [3] and Hall, Dimotakis and Rosemann [8] used binary combinations of He,N 2 and Ar in their experiments. In addition, hydrogen is the fuel for proposed scramjet engines. As discussed in Kozusko, et al. [9] there are three parameters governing the structure of the mean ow. These are the velocity ratio U , dened as the ratio of the velocity in the stream at 1 to the velocity in the stream at +1; the temperature ratio T , dened in an analogous manner as the velocity ratio; and the molecular weight ratio W dependent on the particular combination of gases chosen, also dened in a similar manner. Here, T > 0 and U 2 [0; 1) so that the gas in the stream at 1 is always assumed to be moving slower relative to the gas at +1. I f T is less than one, the gas in the slow freestream is relatively cold compared with that in the fast freestream, and if T is greater than one it is relatively hot. Note that we h a v e the following two cases depending on the magnitude of W:
W > 1heavier gas resides in the fast freestream at +1 and the lighter gas in the slow freestream at 1; o r W < 1lighter gas resides in the fast freestream at +1 and the heavier gas in the slow freestream at 1. For the inert gases Ar and He(typical gases used in experiments), we see that W can vary between 0.1 for the Ar-Hecase, and 9.9 for the He-Ar case. Throughout this study we will use the convention that the rst gas listed resides in the slow freestream at 1, while the second gas listed resides in the fast freestream at +1; i.e., the case Ar-Heimplies that the gas in the slow freestream is argon, while the gas in the fast freestream is helium. The ratio of molecular weights W for the dierent gases considered in this study are given in Table 1 of Kozusko, et al. [9] The nondimensional thermodynamic quantities , , D 12 and C P;i , rendered nondimensional by the respective v alues 1 , 1 , D 12;1 and C P;2;1 in the freestream at +1, m ust be dened in some manner before a solution can be obtained. We state here three models, of increasing complexity, that are used in this study. The rst two models listed below are approximations to the exact third model, in that standard approximations to the viscosity are made in the rst two models but not in the third; namely, Chapman's linear viscosity l a w and Sutherland's viscosity law are employed in the rst two models, respectively, while the third model employs a viscosity law for binary gases. The rst two models are provided so that comparisons can be made to the exact, yet computationally intensive, third model.
Model I: The rst model assumes Chapman's viscosity l a w = constant with = D 12 = = 1, but allows for dierent and constant C P;i . Owing to the nondimensionalization, C P;2 = 1 , a n d C P;1 is the ratio of the specic heat of the gas at 1 divided by the specic heat of the gas at +1. T h us, the mixture specic heat is given by C P = C P;1 F 1 + F 2 , where F i is the mass fraction of species i such that in the freestream at +1 we h a v e F 1 = 0 and F 2 = 1, while in the freestream at 1 we h a v e F 1 = 1 and F 2 = 0 . W e remark here that the above assumptions lead to Pr=Le 1 i = C P for the Prandtl and Lewis numbers.
These are not constant throughout the mixing layer as is usually assumed. The reason for allowing both the Prandtl number and the Lewis numbers to vary is to take i n to account dierent gases and to capture more of the physics presented in Model III below. If C P is taken to be a constant, then the mean ow w ould be independent of molecular weight. In this model, the density does not appear explicitly in the mean ow, and its inuence is only felt in the stability calculations. Model III: The last model assumes that all of the thermodynamic properties are given by experimental values found in tables, or equivalently, from rst-order formulas derived from kinetic theory for a binary mixture. A complete description is given in Kozusko, et al. [9] We shall refer to this model as the exact model.
For Model III, a complete discussion on the structure of the mean ow for various combinations of gases has recently been presented by Kozusko, et al. [9] Expressions for the viscosity, thermal conductivity, specic heat and binary diusion coecients of a binary mixture were utilized so that the Prandtl and Lewis numbers vary across the mixing layer. In the cases considered, these two quantities can vary by factors of approximately 3 and 7, respectively, indicating that it is not quantitatively correct to set these quantities to constants, as is usually done. These variations will inuence the stability c haracteristics, as will be shown below.
STABILITY
As is standard in linear stability theory, the ow eld is perturbed by i n troducing two-dimensional wave disturbances of the form e i(x !t) in the velocity, pressure, temperature, density and mass fractions with amplitudes that are functions of the similarity v ariable . The similarity v ariable has been previously dened in Jackson and Grosch [10] . Here, ! is the frequency and is the streamwise wavenumber of the disturbance. For spatial theory, ! is required to be real and solutions are sought for which is complex. For temporal theory, is assumed to be real and solutions are sought for which ! is complex. The amplication rates of the disturbances are then i or ! i , respectively. Substitution into the inviscid compressible equations for a binary gas and linearizing yields the compressible Rayleigh's equation for the normal velocity perturbation 
Here, is the ratio of specic heats and c is the complex phase speed c = !=. Primes indicate dierentiation with respect to the similarity v ariable . If the molecular weights are taken to be equal and the thermodynamic quantities are assumed constant ( = 1 , T = 1), then (9) reduces to the classical Rayleigh equation for a single component gas [11] .
The boundary conditions for are obtained by considering the limiting form as ! 1 .
The solutions are of the form ! exp( ); (6) Note that c + is the phase speed of a sonic disturbance in the fast stream and c is the phase speed of a sonic disturbance in the slow stream. At
c are equal. A \convective" Mach n umber can now be dened for a binary gas as
where M is the Mach n umber at which the sonic speeds of the two streams are equal. With this denition, all disturbances are supersonic for M c > 1. This denition of the convective Mach number is based on the freestream Mach n umber in the laboratory frame and is independent o f the speed of the large-scale structures and the speed of the most unstable wave. It is interesting to note that the commonly used heuristic denition of the convective Mach n umber (last term in (8)) is derivable from linear stability analysis [10] .
Further understanding of the role of the convective Mach n umber can be gained by noting M c = 1 implies that M = M . This is the largest value of the Mach n umber for which a n y subsonic instability w a v es can exist. For larger values of the Mach n umber there are only 5 supersonic modes which radiate into one or the other stream. The largest value of the convective Mach n umber for which only subsonic modes can exist is given by M c M I N =min(M + ; M ) = M ; (9) where M is given by (7) and M + is the value of the Mach n umber for which c + = u , and M is the value for which c = 1. In the intermediate range M c M I N < M c < 1 both subsonic and supersonic instability w a v es can exist.
In Figure 4 we plot M versus W for the dierent binary systems. In this gure, the region 0 W 2 is expanded to better show the dierences at the lower values of W. Also shown in this gure as a dashed line is the corresponding value for a single gas (i.e., W = = 1). The trend is not monotonic due to the variations in the thermodynamic properties, even when two molecular weight ratios are very close to each other. Note that for W > 1, M is greater than the corresponding value of a single gas, while for W < 1, it is smaller. This gure shows that, in general, the value of W is the best indicator for the value of M . The overall increase in M as W increases indicates that the value of the freestream Mach n umber above which no subsonic instability w a v es can exist also increases. Since the value of M changes by a factor of ve for the cases with large or small weight ratios and this value is used to dene the convective Mach number which c haracterizes the eects of compressibility, it is seen that the proper accounting of the value of M for dierent gas combinations is important.
The nature of the disturbances and the appropriate boundary conditions can now be illustrated by reference to Figure 4 , where we plot c versus M c for the particular cases of Ar-He (Figure 4a ) and He-Ar (Figure 4b) , with U = 0 : 5 and T = 1 : 5. When referring to this gure, it should be kept in mind that the value of M for the two cases varies by a factor of about ve so that the scales in terms of the actual Mach n umber are quite dierent. The signicance of this gure has been discussed previously by Jackson and Grosch [12; 13; 6] . T h us, the key to understanding the stability c haracteristics of this ow is the understanding of dierent parameter regions for which v arious types of instability modes can exist. One can see from Figure at both boundaries, and we classify it as a subsonic mode. In region 3, both 2 + and 2 are negative and hence the disturbance is supersonic at both boundaries, and we classify it as a supersonic-supersonic mode. In region 2, 2 + is positive and 2 is negative, the disturbance is subsonic at +1 and supersonic at 1, and we classify it as a fast supersonic mode. Finally, i n region 4, 2 + is negative and 2 is positive so the disturbance is supersonic at +1 and subsonic at 1, and we classify it as a slow supersonic mode.
Note that the above classication scheme only depends upon the values of the mean ow in the freestreams and is independent of the detail form of the mean ow prole. Thus, this classication scheme is valid for all three models used in this study.
To complete the stability problem, the appropriate boundary conditions of either spatial or temporal stability, for either damped or outgoing waves in the fast and slow freestreams are, if c r > c : (11) Finally, the above formulation is also valid for a mixing layer in a channel with a zero streamwise pressure gradient with an appropriate change in the boundary conditions.
NEUTRAL MODES
To illustrate how a binary gas alters the stability c haracteristics, we rst present below the neutral phase speeds for various combinations of gases. 
The extra factor of is a result of working in the similarity v ariable instead of the physical variable. The corresponding neutral wavenumber and frequency must be determined numerically. These modes are called regular subsonic neutral modes. If, on the other hand, a neutral mode exists in regions 2, 3 or 4, the Lees-Lin regularity condition can not be used and thus the phase speed of the neutral modes must, in general, be found numerically. These modes are called singular neutral modes.
Typical plots of S() are shown in Figure 4 for the binary system of argon and helium using Model III with M = 0 , U = 0 : 5 and T = 1 : 5. In each case there is only one zero of S, although the location diers depending upon which gas lies in the fast freestream. In addition, the zeros are not symmetric about the -axis when changing from the Ar Hesystem to the He Ar system. This asymmetry is due to the asymmetries in the velocity and temperature proles. The dierence in location implies that the neutral phase speed c N in each case will also be dierent. The location c of the zero of S for the dierent binary systems are given in Table   2 , and the corresponding neutral phase speeds given in Table 3 .
To better visualize the overall trends, we plot in Figures 4 and 4 In addition to the neutral modes with N 6 = 0, there may exist neutral modes having zero wavenumber. The phase speed of such modes do not satisfy the Lees-Lin regularity condition but are found by an asymptotic analysis of (1) in the limit ! 0 (Grosch, et al. [14] ). In this case an expansion of the solution in powers of , along the lines previously used by Drazin and
Howard [15] and Blumen, Drazin and Billings [16] in related studies, yields an eigenvalue relation which is analytically tractable. Below, we shall describe the extension of these results for binary gases.
The leading order term in an -expansion is independent of the detailed form of the mean prole, and only depends on the basic ow c haracteristics at innity. This is to be expected from physical arguments because the wavelength of the instability in the limit ! 0 i s m uch larger than the length scale over which the undisturbed ow is non-uniform. For the supersonicsupersonic case, setting the leading-order term in the expansion to zero yields an equation for c N :
(13) If the molecular weights are taken to be equal and the thermodynamic quantities are assumed constant ( = 1 , T = 1), then equation (13) reduces to equation (5.3a) of Miles [17] expressed in the notation used here. In general, this sixth-order polynomial must be solved numerically to determine c N as a function of M. F or the special case of = 1 , w e see that:
[1] A single positive real root of (13) ): (15) This is classied as a constant speed supersonic-supersonic neutral mode lying in region 3 of the c r M plane. It is independent of Mach n umber and corresponds to the phase speed at which the sonic speeds in the two streams are equal. In this regime there is also a pair of complex conjugate eigenvalues correspond to one unstable and one stable eigenmode. The associated instability disappears as the Mach n umber increases.
[2] A double root rst appears at ): (17) There are three distinct real roots for M > M CR . One of these is the phase speed of the constant speed supersonic-supersonic neutral mode while the other two roots must be found numerically from (13) . We note that all three of these neutral modes lie in region 3.
GROWTH RATES
The Rayleigh equation must be solved numerically in order to compute the growth rates. Our experience has shown that it is computationally easier to solve a Riccati type equation, which is a rst order, nonlinear, nonhomogenous equation with nonzero boundary conditions, rather then solving a second order, linear, homogeneous equation with zero boundary conditions. To this end, we rst begin with the equivalent perturbation equation for the pressure amplitude , given by 00 2U 0 U c 0 2 = 0 ; (18) which is transformed to an equivalent Riccati equation
by use of the transformation
(20) Appropriate boundary conditions can be derived in a straightforward manner. Further details can be found in Jackson and Grosch [10] . The stability problem is thus to solve the Riccati equation, together with appropriate boundary conditions, for a given real frequency ! and Mach n umber M, with the mean prole dened for a particular binary gas. The eigenvalue is the wavenumber . W e i n tegrate the Riccati equation along the contour = L to = 0 and = L to = 0 using a fourth-order Runge-Kutta scheme. The value of L varied from mixture to mixture, and was chosen large enough so that in each case the boundary conditions were satised. We c hoose an initial and then iterate using Muller's method [18] , u n til the boundary conditions were satised and the dierences in all calculated quantities at = 0 w as less than In each gure, the labeled curves correspond to binary gases with increasing molecular weight ratio W. > F rom these gures several remarks can be made. For a given model, there is a general decrease in the maximum growth rate as the molecular weight ratio increases. This is consistent with the limited experimental evidence that the growth rate is smaller when the heavier gas is on the high-speed side and greater when the heavier gas is on the the low-speed side [3] ; a s w e shall see below, this statement is not strictly true for all of the gas combinations studied here. The largest growth rate for Model I (which corresponds to the smallest value of W shown in Figure  4 ) is more than twice the largest growth rate shown for the other two models. As the value of W increases, the maximum growth rate decreases to the point where the numerical error, due to the presence of the critical layer, is of the same order as the growth rates, and thus the procedure can not be continued for the largest values of W (e.g., see the curve labeled 7 in Figure 4 ).
Note also that the largest range of frequency shown in Model I is more than three times larger than the frequency ranges shown for the other two models. This is particularly signicant since Model I would imply a much larger range of unstable wavelengths than is actually present. The range of unstable wavelengths could ultimately determine the turbulent structures that might develop. Of further note, is the dierences in the neutral phase speeds as seen in Figure 4 which are predictive of the real phase speeds of the unstable wave packet. A more direct comparison of the maximum growth rates between the three models for a given binary system can be found in Table 4 . Here, the maximum growth rates for twenty-four combinations are listed. The maximum growth rate for a single species gas using Sutherland's viscosity l a w with Pr= 0 : 7 i s i;max = 0:047541. Note that the maximum growth rates for any of the three models is not a strictly decreasing function of W. There is some variation of the general rule when specic combinations of gases are used owing to the dierence in the actual physical parameters. Also shown in the The above results indicate that the stability results for Models I and II are a poor approximation to the stability results for Model III.
The spatial growth rates for various values of the convective Mach n umber M c , as dened by (8) , are shown in Figure 4 for Model III for the gases nitrogen and argon. In all cases, U = 0 : 5 and T = 1 : 5. In each case, the maximum growth rate, the corresponding frequency at which the maximum is attained, and the range of frequencies over the entire unstable spectrum decreases as the convective Mach n umber increases. Once the growth-rate vs frequency curve is found for M c = 0 , t h e M c > 0 curves appear to be nested in a predictable manner. To further explore this, consider the normalized growth rate, dened as
The normalized growth rates for the gas combinations Ar-N 2 (circle), N 2 -Ar (plus), N 2 -He (diamond) and O 2 -H 2 (bullet) are shown in Figure 4 . Also shown (solid curve) in this gure is the corresponding results for a single gas using Sutherland's viscosity l a w with Pr= 0 : 7. We note here that for the cases of Ar-N 2 and N 2 -Ar, both the Lewis number and the Prandtl number are nearly constant across the shear layer (see gures 1 and 4 of Kozusko, et al. [9] ). For the case of N 2 -Hethe Lewis number varies by a factor of 8 across the mixing layer (see gure 3
of Kozusko, et al. [9] ) while the Prandtl number varies considerably (see gure 6 of Kozusko, et al. [9] ). Finally, for the case of O 2 -H 2 the Lewis number varies by a factor of 6 across the mixing layer (see gure 2 of Kozusko, et al. [9] ) while the Prandtl number again varies considerably (see gure 5 of Kozusko, et al. [9] ). At M c = 1 : 0, there is a spread in the normalized growth rates between the various gas combinations of about 25%. The consistent shape of the curves in Figure  4 indicate that there is almost a similarity-like behavior when determining the decrease in the growth rate owing to an increase in convective Mach n umber. Indeed, other gas combinations produce similar results. This is consistent with the results of Jackson and Grosch [10] where it was determined that for a single gas ( = 1) with M c < 1, the actual mean ow v elocity and temperature proles did not matter when determining the normalized growth rate as a function of the convective Mach n umber. Thus, as previously suspected, this analysis shows that the decrease in growth rates with increasing Mach n umber is due to compressibility eects and is only somewhat modied by considering specic combinations of gases (and thus varying the density ratios). Knowing the maximum growth rate at M c = 0, one could easily estimate an approximate value of the growth rate when M c 6 = 0 using a single gas and any of the various models for the mean ow ( i.e., Chapman's Law, Sutherland's Law, or eve n a h yperbolic tangent prole). However, we h a v e shown that the maximum growth rates (and corresponding frequency ranges and wavelength ranges) dier substantially at M c = 0 and that the simplied models (Model I and Model II) are poor predictors of these values.
CONCLUSION
The two-dimensional inviscid spatial stability c haracteristics of a compressible mixing layer with a binary combination of gases is presented. >From the analysis above, we conclude that diering molecular weights has a signicant eect on the neutral-mode phase speeds, the phase speeds of the unstable modes, the maximum growth rates and the unstable frequency range of the disturbances. The molecular weight ratio is a reasonable (if not perfect) predictor of the trends. It was also determined that the various models that have been previously used are valid in predicting the general trends, but are poor choices if quantitative information is needed. We have further demonstrated that the relative insensitivity ( 25%) of the normalized growth rate as a function of the convective Mach n umber is a key element when considering compressible mixing layers. Once the basic stability c haracteristics for a particular combination of gases is known at zero Mach n umber, the decrease in growth rates due to compressibility eects at the larger convective Mach n umbers is predictable. 
